Abstract.-Measurements of the efficiency of energy transfer between trophic levels are consistent with the hypothesis that it is trophic structure that controls the fraction of energy consumed at each trophic level, rather than energetics controlling trophic structure. Moreover, trophic structure is determined by competitive and predator-prey interactions. In freshwater pelagic communities, the collective efficiency of herbivorous plankton in consuming primary producers is up to 10 times as great as is the efficiency of forest herbivores in consuming their food. Conversely, forest predators are about three times as efficient in consuming herbivore production as are zooplanktivorous fish. The presence of an additional level, piscivorous fish, in pelagic communities accounts for the difference. In the aquatic system, herbivorous zooplankton are freed from predation by the effect of piscivorous fish on their predators; in the terrestrial system, green plants are freed from herbivory by predation on the herbivores. We explain the contrast between freshwater pelagic systems and forests and prairies as follows: Pelagic ecosystems have more trophic levels as a result of selection for small rapidly growing primary producers, which cannot hold space in the fluid medium, in contrast to large space-occupying producers in the terrestrial environment. Consumers in pelagic systems are more frequently gape limited in the size range of food they can ingest than are grasping consumers in terrestrial systems. This difference makes for two largely distinct levels of predators in pelagic communities. The energy within the living, nondetrital components is more finely divided between trophic levels in pelagic systems than in terrestrial systems. Ecological efficiencies do not determine trophic structure; rather, they are its product.
The relationship between trophic structure and ecological energetics appears simple until an attempt is made to establish cause and effect. Opinion about this relationship changed several times during the period that ecology was becoming established as a science, but the central hypotheses were largely in place by the mid-1960s. A considerable amount of information about ecological energetics and trophic structure has been collected during the three succeeding decades (1960s, 1970s, and 1980s) . This article is an attempt to compare the original hypotheses with the published data and to synthesize the available information into a coherent picture, particularly for terrestrial and freshwater pelagic ecosystems.
Early emphasis was on the effect of energy flow on trophic structure (Lindeman 1942; Odum and Odum 1955) , culminating in the suggestion that the height of the trophic pyramid is limited by energy transfer between trophic levels (Hutchinson 1959; Slobodkin 1960 Slobodkin , 1962 . A quite different approach to understanding trophic structure combined interspecific interactions with trophic web ecology to argue that commonly accepted observations on natural ecosystems can be explained by competitive and predator-prey interactions. It has been concluded (Hairston et al. 1960 , hereafter referred to as HSS) that, in mature terrestrial communities, competition for resources is most important in the decomposer, producer, and carnivore trophic levels but that the herbivore trophic level is kept low by predation. Although HSS excluded aquatic systems from their discussion, a parallel argument has been developed for pelagic lake ecosystems. Smith (1969) , working with mathematical models, concluded that the principal factor limiting each trophic level depended on the number of tropic levels present and pointed out some reasons for different numbers of levels. Earlier Hrbacek (1962) had proposed that planktivorous fish could reduce herbivorous zooplankton, which would lead to an increase in phytoplankton density. Subsequent investigations further developed this point of view from data on lakes (Brooks and Dodson 1965; Zaret and Paine 1973; Shapiro and Wright 1984; Carpenter et al. 1987) , and the ideas have recently received considerable attention by both terrestrial (Fretwell 1977 (Fretwell , 1987 Oksanen 1988 Oksanen , 1991 Schoener 1989) and aquatic ecologists (Persson et al. 1988; Liebold 1989) .
Acceptance of the HSS conclusions would mean either that trophic efficiency is unrelated to the input of energy or, in the extension of HSS by Oksanen et al. (1981) , that the two are related in complex ways. Therefore, neither constant nor regularly increasing efficiency would be found. Indeed, transfer efficiency would be determined principally by the relative importance of predation and competition and, as will be seen, by the number of trophic levels present. TOWARD A SYNTHESIS It is our objective here to summarize information on both trophic structure and energy flow between trophic levels for several terrestrial and pelagic ecosystem types. We use this summary to point out differences in trophic structure between these ecosystem types, most notably an apparent difference in food chain length, as well as in energy transfer efficiencies between these ecosystem types. In our summary of energy transfers between trophic levels, we principally use consumption efficiencies (the percentage of net production at level n that is consumed by level n + 1). Although there is a wide array of other ecological efficiencies that have been used by previous investigators (Kozlovsky 1968) , we have adopted this measure because it reflects the impact that consumers have on the trophic levels on which they feed, which is useful in the comparisons we make here. We also provide values for assimilation efficiency (the percentage of energy ingested at level n that is assimilated at level n), and, although it is our impression that these values are often less reliable than those for consumption, the conclusions we draw are unchanged. We recognize that some readers may interpret our approach to infer that we assume equilibrium conditions. We prefer to avoid such a loaded term. The data that we use, in some cases with a range of values, rather are assumed to be representative of the ecosystem concerned, which thus implies approximate long-term averages.
Before proceeding further, we freely acknowledge that we have concentrated on a few systems: freshwater pelagic, temperate forests, and grasslands. These are the systems that we know best, and we find contrasts among them that lead us to interesting conclusions. This is consistent with conclusions from an analysis of field experiments (Hairston 1989 ) that a better understanding of ecological processes can be obtained by considering them in one kind of system at a time.
For other kinds of ecosystems, such as deserts and the freshwater littoral zone, some of our approach may well be applicable. These are discussed briefly at the end and could lead to further comparisons and contrasts between ecosystems.
Communities of marine intertidal and subtidal zones, though well studied, are excluded from our consideration because there more than one trophic level depends on an external source of energy (i.e., they are not well-defined ecosystems).
Furthermore, in these systems, up to three trophic levels may all compete for space.
We ask whether the differences we document in ecological efficiencies are the cause of the differences in food chain length (essentially the first hypothesis discussed above) or if, in contrast, differences in food chain length are the cause of the differences in ecological efficiencies (essentially the second hypothesis discussed above). It is our basic conclusion that the latter is more important than the former. We further point to a number of instances in which rates and efficiencies of energy transfer within particular communities are strongly affected by the individual characteristics of the species present. Finally, we propose an explanation for the differences in trophic structure between terrestrial and pelagic ecosystems.
TROPHIC STRUCTURE
We first consider what is the most informative way in which to represent and analyze trophic structure. Two related systems have been used in the past: the food webs ("cycles") of Elton (1927) and trophic levels, an approach initiated by Lindeman (1942) . Fundamental to such an analysis is the question of community or ecosystem boundaries. This becomes a crucial issue when we ask what limits particular components of a system. Nature seems to abhor a sharp boundary as much as a vacuum, and ecosystems are no exceptions. Even so great a contrast
as that between open water and forest typically shows an intermediate progression, as, for example, from cattails to buttonbush to alder thicket to trees. We recognize that classification of trophic structure in such a location can become an exercise in futility as different aspects are assigned to the two ecosystems.
Ecotones may be wide bands, as those in the northern United States and southern Canada between temperate and boreal forests, or they may be interdigitating complexes, like the deciduous forest-prairie ecotone. Bird watchers know well the richness of avifauna in such locations, and Gleason (1926) made much of the gradual change from one "association" to another in his argument against community organization. The degree to which aquatic communities are distinct from bordering terrestrial and benthic systems can vary greatly: the influence of allochthonous inputs to lakes depends on such variables as length of shoreline and size of watershed (Rodhe 1969; Likens 1984; Wetzel 1990a) . The effect of allochthonous input of leaves and branches may contribute most of the energy to stream ecosystems, especially in small streams. For example, in two creeks in Quebec, Naiman et al. (1987) found that 91.3% and 74.1%, respectively, of the carbon input came from such sources, with only 4.2% and 15.9% coming from primary production. The remainder came from rainfall and throughfall. In marine shoreline systems, the settlement of planktonic larvae onto benthic substrates and their subsequent filter feeding on the plankton differ markedly between sites (Roughgarden et al. 1988) , and the relative importance of organic versus reducedinorganic compounds as sources of energy moving from benthic to pelagic habitats depends on the importance of anaerobic decomposition (Howarth and Teal 1980) . Less dramatic "seepage" between ecosystems comes from forest predators (hawks) on grassland herbivores or aquatic animals, such as fish and frogs.
Conceptualizing ecological systems as food webs or as trophic levels gives different perspectives on this problem.
Food Webs
There are some serious difficulties in the use of food webs (several of which were raised previously by Paine [1988] and Polis [1991] ). Three in particular trouble us here. The first is that quantitative assessment of the strength of even a majority of the links is rarely practicable, a problem that has led many investigators to the implicit assumption that the links are equal in value. Food webs, with their focus on unweighted interactions between individuals, can lead to an overemphasis on rare interactions. For example, Martinez (1991) assigns 25 taxa, ranging from large, abundant fish species to rare insect genera, equal importance as prey to largemouth bass inhabiting a small midwestern lake. By this method he finds over 10 food chain links from algae to bass. He does not ask, however, where the bass obtain the majority of their energy-surely not after having passed through 10 trophic levels. Similarly, among the complex food webs illustrated by Polis (1991) in his figure 7, there are at least 10 links from plants to golden eagles.
If the consumption and assimilation efficiencies at the successive steps are like those in other terrestrial systems, no more than 0.00035 of the "plant" energy would reach the golden eagle by such a route. It is not just a detail that golden eagles feed primarily (>90%) on herbivorous mammals (Newton 1979) . Furthermore, in the Coachella Valley, which Polis studied, the 14-km distance from the center to the edge of the study area is small for a foraging eagle. Just because the energy pathway occurred does not mean that we should add to our estimate of the food chain length of the community or that we should alter our assessment of the logical boundaries of energy flow.
The second difficulty with the use of food webs is that competition is of necessity either ignored or assumed to exist (and to be of uniform strength) wherever consumers use a common resource (MacArthur 1958; Yodzis 1980; Diamond 1986) . Each is clearly a serious oversimplification. Finally, taxonomic uncertainty has forced the pooling of biological species into "trophic species," especially at levels close to the producers. This amalgamation of biological species is tempting in the interest of simplification, but there is no logical place to stop short of becoming indistinguishable from trophic levels.
Weighing against these disadvantages are several positive aspects. Among these, food webs provide the theoretical possibility of obtaining detailed information about the flow of energy through a community, despite the fact that published webs (published for purposes other than their use in either analysis of energy flow or food web theory) are inaccurate. Thus, they permit partial analyses of community complexity in the search for pattern. Furthermore, food webs can be used to partition the influence of species that feed at more than one level, which thus provides a first step in reducing the complex food webs into trophic levels.
The mean chain length calculations common in recent investigations of food web patterns (see, e.g., Cohen 1978; Pimm 1982; Briand and Cohen 1987) appear to us to be a step in this direction, though at present admittedly biased toward larger, more readily identified organisms. Clearly, weighting trophic linkages by energy flow as described by Levine (1980) would be preferable but for lack of data is rarely possible. What this approach does omit is the possibility that individual taxa may carry influence other than through their direct impact on energy flow. For example, nitrogen fixation is context-dependent; the importance of an N fixer to a community depends on whether other forms of N are present in limiting supply.
Trophic Levels
Different authors use the term trophic level in different senses. In particular, Cousins (1987) and Schoener (1989) describe multiple levels that approach food chains and food webs in their complexity. These differ from our definition of trophic level: a group of organisms acquiring a considerable majority of its energy from the adjacent level nearer the abiotic source. In principle, the way to define such a group is to measure all of the energy sources used by all organisms in an ecosystem, then to calculate trophic position (e.g., using Levine's [1980] Markovian chain method). A more practical way to identify (but not to define) this group is that the component organisms respond in a common way to significant perturbations to other levels (directly to adjacent levels or indirectly to more distant levels). Although the qualifier "considerable majority" in our definition leaves open the problem of omnivory, we believe that it is omnivory that limits the number of trophic levels. We suggest that omnivory becomes increasingly prevalent at higher trophic levels (there are, after all, more trophic levels below to consume) and that omnivores typically gain most of their energy from the lowest level on which they feed. These two observations taken together must truncate the number of trophic levels in any ecosystem. Indeed, Hastings and Conrad (1979) have suggested, using an evolutionarily stable strategy analysis, that food chains should be kept short by the evolution of a tendency in omnivores to feed on the energetically most rewarding (i.e., the lowest available) trophic level. They propose food quality differences between plant and animal tissue as a constraint on reduction in number of trophic levels. At the end of this article we suggest predator and prey morphologies as another.
Classifying community structure into such broad categories as trophic levels may obscure the details of trophic complexity that are at least partly shown by food webs. This is especially true if there are many species feeding at two or more levels. We do not agree with Burns (1989) that the term trophic guild is necessary to denote what has been called trophic level in most of the literature or that the trophic level construct necessarily has the confusing properties he ascribes to it. We agree with him, however, that there are advantages in recognizing that individual species may feed at more than one trophic level (i.e., consume energy that has passed through a varying number of links in the food web). When this is the case, we see no reason why such species' influence cannot in principle be partitioned among trophic levels in the way that he and Strayer (1991) propose. Cousins's (1987) provocative comments on the use of trophic levels raise a number of issues relevant to our discussion. He is bothered by the fact that individual species often cannot be identified with a single trophic level. In particular he suggests that a fourth trophic level is difficult to identify in most ecosystems because "taxonomic classification ceases to map approximately to trophic levels at this point" (Cousins 1987, p. 315) . He goes on to suggest that higher orders of energy transfer nevertheless occur. The fact that a fourth (and in some cases higher) trophic level can readily be identified in pelagic systems complicates his argument, but, more to the point, it is precisely the fact that feeding at multiple trophic levels occurs that leads us to suggest that energy transfers above the third level in terrestrial systems are relatively unimportant. Cousins's criticism, like the food web analysis discussed above, overemphasizes rare interactions.
In terrestrial systems, a pattern of one species, one trophic level breaks down significantly only among the predators, which tend to be unselective about the level at which they feed. Predators do not, however, feed on foliage, sap, or bark. Virtually all omnivores in terrestrial communities consume seeds rather than leaves in addition to animals. Almost no seeds are involved in photosynthesis, and they do not constitute a major energy component of primary production. Thus, in an energy-flow-weighted analysis of trophic levels, we place terrestrial omnivores with carnivores. See, for example, the discussions of this in Slobodkin et al. (1967) and Hairston (1985) . Seed eaters have been shown to have an effect on the composition of the plant community of the Chihuahan Desert shrub habitat (Brown and Heske 1990) , but there is little evidence that they affect plant recruitment in forests. The extent to which omnivore and carnivore categories blend into one another is illustrated by the lists in Clements and Shelford (1939, p. 128) .
They give the proportions of seed and fruit versus insects for 33 species of North American birds. The values range from 93% seeds and 7% insects for the whitewinged crossbill to 40% seeds and fruit and 60% insects for the rose-breasted grosbeak. In a second table, a change from mostly seeds in winter to a large proportion of insects in summer is given for eight species. The range is from 100% seeds in winter and 21% insects in summer for the evening grosbeak to 100% seeds in winter and 100% insects in summer for the vesper sparrow. Many granivores (e.g., sparrows) switch to animal food when feeding their young, and we assign granivores, nectarivores, and pollen feeders to the carnivore trophic level.
In contrast to terrestrial systems, energy acquisition at multiple levels occurs frequently in aquatic systems. For example, in pelagic communities, phagotrophic algae (Bird and Kalff 1986, 1987) and omnivorous zooplankton (Paffenhofer and Knowles 1980; Sprules and Bowerman 1988) can be quite common. Nevertheless, the fact that whole trophic-level manipulations have discernible direct and indirect effects on other levels (see reviews in Carpenter 1988; Liebold 1989) shows that omnivory is not so prevalent that trophic levels are obscured. It would, of course, be more accurate if dietary compositions could be measured. Such measurements are relatively rare, but stable isotope methodology has in the past 15 yr been used in a number of instances to evaluate the trophic position of organisms (see, e.g., Rau et al. 1983; Estep and Vigg 1985; Peterson and Fry 1987; Yoshioka et al. 1988) , including those with uncertain diets (Peterson et al. 1985) or with uncertain contributions higher up the food chain (Fry 1986 ).
Using trophic levels as the primary subdivisions of communities condenses trophic complexity into units that are common to all ecosystems and permits direct comparisons of the trophic dynamics of different ecosystems in terms that are common to all. The logical boundaries between adjacent systems may perhaps be best evaluated in terms of trophic-level interactions that weight particular links in the food web for their energetic significance. Importantly, the use of trophic levels permits an analysis of the relative influence of competition and predation on the different whole levels. We argue that, especially for an overview such as ours, the use of trophic levels is the approach of choice.
HOW MANY LEVELS?
A first step in exploring the relationship between trophic structure and energetics is an assessment of the pattern and variability in the number of trophic levels within and between ecosystems. Some authors (e.g., Schoener 1989) have divided terrrestrial communities into as many as eight, when decomposers and detritivores are included. We maintain that for terrestrial ecosystems, it becomes arbitrary to use more than one level of herbivores and one of carnivores plus omnivores. The few species that prey preferentially on predators have negligible impacts on the carnivore trophic level as a whole. The great majority of predators either are specialized to take herbivores (parasitoids of caterpillars) or do not distinguish between the more numerous herbivores and other carnivores. We propose that the relatively small part of the carnivore level that specializes on other carnivores (e.g., hawks of the genera Accipiter and Falco, some members of which prey primarily on birds) represents an insignificant energy flux (see also Smith 1969) . Predators of the forest floor feed indiscriminately on herbivores, detritivores, and smaller carnivores, as illustrated in table 1, which classifies the food of salamanders from several populations in the Appalachians. Obviously, detritivores do not figure largely among the prey of predators that forage in the vegetation, but in this example they constitute a significant portion of the prey individuals.
In the pelagic zone of lakes, the situation is different. Omnivory is exhibited by a broad range of organisms, but a rigid size dependency of predation in pelagic Whitaker and Rubin (1971) and Powders and Tietjen (1974). consumers, discussed later, maintains reasonably distinct trophic levels. In many lakes, predatory zooplankton may occupy an important intermediate link between grazing zooplankton and planktivorous fish. In addition, there is a moderately well-defined top predator level-the piscivorous fish, which specialize largely on other fish that consume principally invertebrates. Certainly there exist lakes with fewer trophic levels. In particular, small, highly seasonal, freshwater habitats (e.g., temporary ponds, small arctic-zone lakes) typically lack fish completely.
However, by and large if we ignore for now decomposers and detritivores, most larger bodies of water are seen to contain four or five levels in the pelagic zone, whereas terrestrial communities contain only three.
This difference between the trophic structures of terrestrial and pelagic communities is corroborated by data presented by Briand and Cohen (1987) . Using published food webs of 113 communities, they calculated mean chain length (roughly a surrogate for the number of trophic levels) for each. Although they did not view their results in this way, we calculated from the data they presented the mean chain lengths for all terrestrial communities as 2.6 (table 2). For pelagic communities, the value is significantly greater at 3.6 (t = 4.47, df = 52). Briand and Cohen ascribed the difference observed to one of dimensionality, concluding that three-dimensional habitats have longer chain lengths (more trophic levels) than do two-dimensional habitats. We suggest that dividing the data by dimensionality is arbitrary (they call forests three-dimensional and prairies two-dimensional) and that it obscures where the distinction lies. Indeed, the mean chain length for forest food webs in their data is only 2.6 and no different from those of other nonpelagic systems (tundra, 2.5; grasslands, 2.1; aquatic substrates, 2.6). The only potential exception, deserts and sand dunes, is discussed in a later section. Briand and Cohen (1987) .
Categorization of dimensionality follows Briand and Cohen (1987) .
To us, the clear distinction lies between pelagic and nonpelagic communities. Moore et al. (1989) also criticized Briand and Cohen's (1987) concept of dimensionality. They go on to argue that some of the patterns Briand and Cohen identify result from the pooling of trophic levels in some food webs and the omission of trophic levels in other webs. In particular, they object to the pooling of phytoplankton and zooplankton into a single resource in near-shore marine habitats and rivers. Briand and Cohen (1989) have acknowledged that this policy may have biased their conclusions. To the extent that plankton play an important role in trophic transfer within a community, separating phytoplankton from zooplankton both adds a trophic level to the community and transfers it to our "pelagic" category.
In streams, as in the case of lakes, fish may or may not be present (Cooper 1988; Flecker 1992) , or some streams may contain piscivores while others lack them (Bowlby and Roff 1986) . Power (1990) recently identified another way in which the trophic structure of river communities may differ from that just described. The dominant grazer of benthic algae in the system she studied was a dipteran fly larva that weaves a retreat protecting it from predatory fish but not from damselfly nymphs. As a result, the predatory fish represent a fourth trophic level, above algae, fly larvae, and damselfly nymphs. In other streams and rivers the dominant grazers may be imm-ature insects or snails that remain vulnerable to fish predation. In these, only three trophic levels exist. Clearly, trophic structure depends in this instance, and in others discussed below, on the particular characteristics of the organisms involved. Our goal here is to ask if general patterns overlie individual cases.
Interestingly, Pimm (1982) , like Briand and Cohen, reports the number of trophic levels in terrestrial systems to be typically three while the number in aquatic pelagic systems to be typically four. We propose that this difference provides a basis for formulating and testing hypotheses concerning the controls on the num-ber of trophic levels, as well as concerning the effects of chain length on community structure.
ENERGY TRANSFERS BETWEEN LEVELS
In this section, we review and compare data on trophic transfer efficiencies in both terrestrial and freshwater pelagic ecosystems. Our review is not exhaustive, but the patterns we report are largely consistent between the studies cited. We point out where inconsistencies exist because these often represent places where specific community patterns appear to influence ecosystem processes.
For terrestrial systems, we obtained data from 20 studies (Gere, quoted in Balogh 1958, p. 129; Odum et al. 1962; Bray 1964; Witcamp and Crossley 1966; Dinesman 1967; Reichle and Crossley 1967; Wiegert and Evans 1967; Moulder and Reichle 1972; Reichle et al. 1975; Singh and Gupta 1977; Swift et al. 1979; Andrzejewska and Gyllenberg 1980; Coleman and Sasson 1980; Kajak 1980; Singh et al. 1980; Edwards et al. 1981; Slansky and Scriber 1985; Kurihara and Kikkawa 1986; Vogt et al. 1986; Martin 1987) and for freshwater pelagic systems from 11 studies (Alimov et al. 1972; Andronikova et al. 1972; Gak et al. 1972; Krogius et al. 1972; Moskalenko and Votinsev 1972; Pidgaiko et al. 1972; Sorokin 1972; Wetzel et al. 1972; Winberg et al. 1972; Hobbie 1980; Cole 1985) . In presenting the results of our literature search, we must emphasize that the accuracy of the figures that we have found is almost never stated in the original articles. One indication of potential error comes from reports in several systems of consumption efficiencies exceeding 100% by substantial amounts.
Terrestrial Ecosystems
The bulk of organic matter in temperate forests (about 62%) is in the form of dead organisms, nearly all plants. Accordingly, in our diagram of energy flow ( fig. 1 ), this material occupies the largest compartment and a central position. In common with similar ecosystems, temperate forests have only a small fraction of net primary production (NPP) consumed by the herbivores, the best estimate being 2.6%-4.7%. Even if we add the fall of leaves damaged by herbivores but not consumed by them, the addition amounts to only 1%-2% of the total litterfall (Risley and Crossley 1988) . This observation had been made qualitatively for many years (see, e.g., Galoux 1953; Hairston et al. 1960) . Two-thirds of what is eaten, however, is not digested and joins the dead organic matter on the forest floor. Thus, less than 1% of NPP is actually assimilated by the next trophic level. Nearly all of the biomass produced by the herbivores is consumed by the carnivores, the estimates ranging from 75% to 100%. Moreover, the carnivores assimilate a comparatively large fraction of what they eat-56%. Thus, consistent with Kozlovsky's (1968) observation, consumption efficiency increases with trophic level, and clearly, as others have noted (e.g., Kozlovsky 1968; Whittaker 1975) , the ecosystem is not governed by some principle that regulates a constant proportion of energy reaching successive trophic levels.
The terfall. The digestibility of this averages 32%, with a range from 4% to 82% (Martin 1987) . They can thus digest directly 1.7%-9.7% of the litter, or 2.7-15.6 g C m-2 yr-1, in addition to the microflora (bacteria and fungi) ingested. The microflora, which amount to 11.33 g C m-2, are 71%-82% digestible, according to Martin, and thus account for an assimilation of 8-9.3 g C m-2 yr-1. The total assimilated by the detritivores is thus 10.7-24.9 g C m-2 yr-1. The microflora are extraordinarily active metabolically, and their respiration accounts for more than 90% of what is available to them (Reichle et al. 1975 ). This feature leads us to make a separate trophic level of the microflora. They make up a large fraction of the assimilable food of the detritivores, which obtain at least five or six times as large a fraction of the net primary production as do the herbivores.
As the herbivores (consumers of leaves, sap, and wood) consume only 2.6%-5% of the net primary production (Reichle et al. 1973; Whittaker 1975) , the litter makes up the remainder, amounting to 161-229 g C . m-2. The herbivores thus consume 4.3-12 g C m -2 yr-1, of which 33%-40% is digestible (Martin 1987) . This means that they assimilate 1.42-4.8 g C m-2 yr l or 1/7.5-1/5.2 that of the detritivores. This calculation does not take into account the turnover of small roots in deciduous forests, with a large proportion decomposing each year. Respiration from the decomposition of dead small roots is nearly twice that from litter plus soil organic matter (Edwards et al. 1981) . As a result of the large respiratory loss at the microflora level, detritivores normally contain only 1.7-6.1 times the biomass of the herbivores (Edwards et al. 1970) , even though more than 95% of NPP passes to the detritus. Thus, the efficiency of energy transfer from primary producers to consumers differs markedly depending on whether the pathway is from living primary producers to herbivores or from dead primary producers through decomposers to detritivores. The physiology of the microflora, like the populational effect of the carnivores on the herbivores, is the determining factor for the decomposition side of the forest ecosystem. Apparently, the carnivores are as effective against the detritivores as they are against the herbivores, although the hypothesis needs to be tested experimentally.
Spiders alone consume 65.6% of the average standing crop of their detritivore prey annually (Moulder and Reichle 1972) , and other forest floor predators must consume substantial amounts as well. Given that woodland spiders have been shown to be food limited (Wise 1975 (Wise , 1979 (Wise , 1981 , it seems highly likely that their predation seriously impacts prey density.
Comparable studies in other terrestrial ecosystems have yielded similar data ( Whittaker (1975) and Swift et al. (1979) .
forest and 13 for beech forest (Rodin and Basilevic 1968) , 10 for "warm temperate mixed forest" (Lieth 1975) , and 11.5 (Swift et al. 1979 ) and 6-25 (Whittaker 1975) for temperate deciduous forest. For tropical rain forests, the values are 10-35 (Lieth 1975; Whittaker 1975), 32.5 (Rodin and Basilevic 1986) , and 30 (Swift et al. 1979 ). Thus, most tropical forests are more productive. For the litterfall, the values for temperate forests are 6.5 (oak) and 9 (beech) (Rodin and Basilevic 1986 ) and 11.5 (Swift et al.) . For tropical forests, the values are 25 (Rodin and Basilevic) and 30 (Swift et al.) . These approximately match NPP. The great contrast is in the standing amount of litter: 15 for all temperate forests for which we find data and 2 (Rodin and Basilevic) and 5 (Swift et al.) for tropical forests. Kurihara and Kikkawa (1986) give the ratio of standing crop of forest floor litter to litterfall as 5-9 for temperate forests and 0.1 for tropical rain forests. Indeed, one of the most striking features of a tropical rain forest for the ecologist is the near absence of litter. Accustomed to a positive relationship between the amount of litter and leaf mould and the general "lushness" of temperate forests, we are amazed to be able to kick a few dead leaves and see laterite. Decomposition in the tropics is so rapid that the nutrients, and hence the total carbon, are nearly all in the trees, whereas in temperate forests the amount in trees is less than half of the total. In the grassland ecosystems, the major differences from forests lie in the proportion of production in all trophic levels that is underground ( fig. 2) .
Otherwise, the flow of energy is much like that in forests (Coupland and Van Dyne 1979; Swift et al. 1979) . It is true that herbivores in grasslands take a somewhat larger fraction of NPP, but the proportion is still quite small. The rest of the flow is little changed by the difference. Pristine grasslands, with complete faunas undisturbed by modern man, are virtually unknown. The closest approach is the Serengeti, which is a tropical savanna-that is, with scattered trees over much of its area. For much original data, see Sinclair and Norton-Griffiths (1979) ; for a good general description, see Ehrlich and Roughgarden (1987) . Like the North American long-grass prairie, most of the Serengeti is maintained by fire, as shown in table 4. Only in the short-grass part does fire consume less than 50% of NPP. The migratory habit of the bulk of the herbivore biomass makes interpretation difficult, but they clearly Sinclair (1975) . Note greater herbivore consumption than the average figure for savannas in table 3. The percentage of herbivore production consumed by carnivores was 35.0%; by scavengers, 65.0%. consume a much larger fraction of NPP than they do in any other terrestrial ecosystem. Nevertheless, Sinclair (1985) has recently concluded that the large herbivores are predator controlled.
Freshwater Ecosystems
In contrast to terrestrial ecosystems, grazers of the pelagic open-water zone of lakes and ponds show substantially greater consumption efficiencies, with a mean of 32.8% of NPP consumed by grazing zooplankton (fig. 3) . placed the value as high as 70%. For grazers eaten by either predatory zooplankton or planktivorous fish, a mean of 90% of production is consumed. Finally, 74% of planktivorous fish production is consumed by piscivores. These values were obtained from studies of 12 north temperate zone lakes and one arctic pond (references given above). Net primary production values ranged in these studies between 0.75 g C m-2 .yr-and 156 g C m-2 .yr-Assimilation efficiencies calculated from data provided in 11 of the studies show a remarkable consistency ranging between 75% and 82% regardless of trophic level (except bacterioplankton for which ingestion and assimilation are not distinct). It is unclear, however, whether this consistency results from a genuine similarity in pelagic processes or the repeated application of a predetermined value. In any event, consumption efficiency in these systems does not show as distinct an increase with trophic level as was found in the terrestrial data. Indeed, if anything, there appears to be a peak in transfer efficiency at the intermediate (herbivore to primary carnivore) level.
The fate of detritus in the pelagic zone of lakes and ponds is quite different from that in terrestrial systems. Water is much more viscous than air, and dead phytoplankton cells are small and only slightly more dense than water; thus, detritus settles to sediments comparatively slowly, which allows time for much of it to be colonized by bacteria, consumed by grazers, or both before reaching the bottom. The fecal pellets of copepods in general sink more quickly than do living or dead algae or the loose feces of other zooplankton (e.g., Daphnia). Thus, whether detritus reaches the sediments depends on the type of grazer present, the depth of the water column, and the extent of vertical mixing. a substantial amount of dead organic matter is present in the water as dissolved organic carbon, at least some of which is used by bacteria (Wetzel et al. 1972; Wetzel 1984; ). These processes constitute the "microbial loop," which has been highlighted beginning in the European literature in the 1960s (e.g., Hillbricht-Illkowska et al. 1966; Saunders 1969; Overbeck 1972) and is attracting much current attention (see, e.g., Stockner and Porter 1987; Porter et al. 1988; Sherr and Sherr 1991) . This loop clearly contrasts with the terrestrial environment in which comparatively large pieces of detritus fall quickly through the air to the ground, away from the activity of herbivores. Even though the estimates may be imprecise, in many of the studies summarized in figure 3 it appears that in lakes perhaps 60% of the NPP is consumed in the microbial loop, never reaching the sediments. This number is consistent with Forsberg's (1985) and Riemann and S0ndergaard's (1986) estimates that bacterioplankton production can reach 70%-85% of phytoplankton production. The fraction of the pelagic detritus that is returned to the grazing trophic level probably depends on the taxa of zooplankton present. Some groups (e.g., cladocerans) apparently consume detritus and bacteria, whereas others (e.g., calanoid copepods) do not (DeMott 1988; Pace et al. 1990 ). Ducklow et al. (1986) found for a coastal marine pelagic system that very little energy made its way from bacterial production to larger grazing zooplankton. Because the latter group in marine habitats is typically dominated by copepods rather than cladocerans (a distinction apparently dating from the evolution of suction-feeding planktivorous fishes during the Mesozoic; Kerfoot and Lynch 1987) , the low return of energy to the marine food chain via the microbial loop may reflect the grazing capabilities of the macrozooplankton.
Freshwater systems, in contrast, may be dominated either by copepods or cladocerans and thus may be expected to vary in the importance of the microbial loop (Pace et al. 1990 ). For seven of the 12 lakes summarized in figure 3 , data are available on the seasonal average composition of the zooplankton. There is a positive relationship between the logarithm of the ratio of nonpredatory cladocerans to copepods and the fraction of bacterioplankton production that is consumed by grazing zooplankton ( fig. 4 ) (Epishura bicalensis is included here with cladocerans because this copepod, endemic to Lake Baikal, is known to consume bacteria [Moskalenko and Votinsev 1972] ). An important role for phagotrophic protists as an intermediate link between bacteria and zooplankton has been advocated by Sherr and Sherr (1988, 1991) , but the amount of energy that returns to the grazing food chain is still questionable (Fenchel 1988 ).
The portion of NPP actually reaching the bottom amounts to about 15%, in striking contrast with the more than 95% NPP reaching the forest floor ( fig. 1 ).
Once on the lake bottom, however, only 25% is consumed (Wetzel et al. 1972) either by detritivores or microbes. The remaining about 12% of NPP accumulates annually in the sediment. That being the case, the amount of standing biomass of detritus in a lake, including sediments, would depend on the age of the lake. This contrasts markedly with the total organic carbon on a mature forest floor, which remains constant on an annual average basis. This difference in accumulation of dead organic matter probably results from a greater tendency for anaerobic decomposition in lake sediments than in forest soils. Canfield (1989) found lower decomposition efficiencies in marine sediments underlying anaerobic waters than those underlying aerobic waters.
When entire lake ecosystems are considered, the role of littoral vegetation and allochthonous inputs can lead energy dynamics to be much more similar to terrestrial systems. Very little of the NPP by macrophytes is consumed by herbivores (Wetzel 1983) , with most of the production that is consumed going to bacteria. This result could conceivably represent an indirect route to planktonic grazing zooplankton, but Wetzel et al. (1972) did not find this to be the case in Lawrence Lake, and Wetzel (199Gb) concludes virtually none of freshwater littoral zone production makes its way into the pelagic food chain. In relatively small bodies of water with extensive shorelines, these littoral zone dynamics can dominate (see, e.g., Wetzel et al. 1972) . At higher, more mobile trophic levels, piscine consumers in small lakes may move between the pelagic and the littoral zones (Werner et al. 1983; Mittelbach 1986 ), which makes their relative trophic impacts in these distinct habitats difficult to quantify (Lodge et al. 1988) . The situation in marine estuarine systems is in some ways similar to lakes. Although carbon is exported from marshes into near-shore waters via tidal flushing, little or none of the energy supplement is reflected in fish production (Nixon 1980) . Once again trophic efficiencies depend critically on the nature of the system (pelagic or littoral) under study.
EFFICIENCIES OF ENERGY TRANSFER ARE SYSTEM-DEPENDENT
Do the data just summarized give us insight into the relationship between energetics and trophic structure? Pelagic systems have one or two more trophic levels on the average than do terrestrial ones, yet this result cannot be explained by any general tendency for them to be of higher productivity. In fact, just the opposite is true. On a global scale, lakes (0.10-1.5 kg C * m-2 * yr -) and the oceans (0.01-1.0 kg C m-2 yr-I) fall at the low end of areal primary productivity compared to forests (0.4-3.5 kg C m-2 yr-') and savannahs or grasslands (0.2-2.0 kg C m-2 yr-') (see reviews by Whittaker and Likens 1973; Whittaker 1975) . Similarly, shallow coastal marine communities have higher productivities on the average (0.2-1.0 kg C . m-2 yr-1) than do those of the open ocean (0.01-0.4 kg C m-2 yr-1), but, as Ryther (1969) and Landry (1977) have pointed out, coastal systems have shorter food chains than do oceanic ones. This is not to say that variation in primary productivity has no effect on higher trophic levels. Clear positive relationships are well-known between primary and secondary productivity in both pelagic and terrestrial systems. For example, drawing on data from many of the same studies used to construct figure 3, Brylinsky and Mann (1973) and Brylinsky (1980) showed significantly higher productivity of both herbivorous zooplankton and predatory zooplankton in the presence of higher primary productivity. Oglesby (1977) documented higher fishery yields in lakes with higher primary production, and Nixon (1982) found a similarly positive relationship for marine environments. In a survey of terrestrial communities, McNaughton et al. (1989, 1992) found that herbivore productivity is positively correlated with net primary productivity. Furthermore, a pattern depicted in figures 1 and 2 appears to be general: herbivore consumption rate is higher in grasslands than in forests at any given level of primary productivity, a result McNaughton et al. (1989) ascribe to domination of the herbivore trophic level by vertebrates in grasslands and by invertebrates in forests.
There are even significant relationships between the values of the physical and chemical parameters known to affect primary production and the performance of higher trophic levels. Pace (1986) found that lakes with higher water-column phosphorus concentrations had higher zooplankton biomass. In a terrestrial community, Coe et al. (1976) showed that the productivity of large grazers in African game parks was a positive function of annual rainfall. Nevertheless, despite these relationships and in contrast to both the early expectations of Hutchinson (1959) and Slobodkin (1962) and principles more recently espoused by others (e.g., Fretwell 1977 Fretwell , 1987 Oksanen et al. 1981) , the number of trophic levels does not appear to increase as a function of the amount of energy passing up the food chain. The latter authors are in fundamental agreement with HSS about alternation of trophic control of trophic levels, but one feature of their development is a proposal that the number of levels increases with increasing primary productivity.
Although this may be the case theoretically, we find it difficult to identify any natural systems that have less than three trophic levels for reasons of limited production. Only extreme physical features (e.g., low island area, anoxia in lakes) seem to produce one-level or two-level communities.
What does determine the number of trophic levels in a community or ecosystem? We have already stated our agreement with Hastings and Conrad (1979) that omnivory truncates food chain length. We focus here on the contrast between terrestrial and pelagic communities to consider this problem. In particular, we consider which hypotheses can account for our observations that pelagic communities tend to have four or five levels, whereas terrestrial (and other nonpelagic) communities tend to have three (ignoring in both cases the decomposers and detritivores, which are present in both kinds of systems).
One hypothesis is that the magnitude of the microbial loop in open water is sufficient to support an additional trophic level above the primary carnivores (planktivores). Enough detritus remains suspended in the water column, the argument goes, for the decomposer microbes to provide sufficient extra food for filter-feeding herbivore production to support a large enough biomass of planktivorous fish to maintain the piscivores. This is closely related to the original tenet of Hutchinson (1959) and Slobodkin (1962) that the number of trophic levels depends on the supply of energy. Certainly, available energy must set some upper limit to the number of trophic levels that any area can support, as must the amount of space available in which the top trophic level can forage (Schoener 1989) . Nevertheless, both Pimm (1982) and Briand and Cohen (1987) in their general reviews were unable to find any statistical relationship between NPP and the number of trophic levels in a broad range of community types. When lakes ranging between 25 mg C m-2 d-l and 1,240 mg C m-2 d-l NPP all have four trophic levels (Pimm 1982) , a threefold boost (maximum) in trophic transfer accruing from the microbial loop looks relatively minor.
The hypothesis favored by Pimm and Lawton (1977) and Pimm (1982) is that dynamical stability places constraints on food chain length. In particular, their argument is that longer chains take longer to return to equilibrium after perturbation. There are a number of simplifying assumptions in the approach used by those authors that lead us, and have led others (e.g., Saunders 1978; Hastings 1988) , to question the relevance of their conclusions, including assumptions that local stability is an appropriate measure of persistence, that increased return times increase the likelihood of extinction, that there are single or few species per trophic level, that intraspecific density dependence occurs only at the lowest trophic level, and that demographic or spatial complexity need not be considered.
For the comparison between pelagic and terrestrial systems, no reason occurs to us why pelagic communities should be less susceptible to perturbation. Wetzel (1984) suggested that the large reservoir of detritus present in lakes might provide a base resource that would "impart metabolic stability" to these systems. He observed, however, that very little of either the particulate or dissolved organic carbon that makes up the detrital pool in fresh water actually enters the consumer food chain. Indeed, in planktonic systems, extreme fluctuations in population sizes of both producers and consumers are quite typical. We propose the following hypothesis to account for the difference in the number of trophic levels between most pelagic systems and most terrestrial ones. In planktonic communities, the primary producers are unable to hold space, and they are selected to be small (for suspension in the water column, enhanced nutrient uptake, and for rapid reproduction) (see also Smith 1975; Lewis 1976; Reynolds 1984) . The herbivores are generally small to feed better on the unicellular algae. Under such conditions, a four-level system is likely, because the zooplanktivorous fish provide the only suitable prey for larger fish. Ryther (1969) proposed TROPHIC STRUCTURE AND ENERGY FLOW 399 size-dependent consumption as an explanation for difference in food chain lengths in the ocean, where phytoplankton cell size is greatest near shore waters where food chains are shortest. This dynamic is enhanced by the morphological constraints placed on swimming organisms in the viscous aquatic habitat. Predators in the pelagic zone, even when they derive from quite distinct phylogenetic backgrounds (e.g., killer whales, tuna, dipteran larvae, arrow worms), nearly uniformly have a fusiform shape and capture their prey by the sole use of their mouths. Their appendages are typically reduced to fins for efficient locomotion in that habitat. As a result, these animals experience strong gape limitation in the prey they can capture. That is, the maximum prey size captured and consumed is limited to the width of the predator's mouth (Zaret 1980) . The gape limitation constraint reduces the amount of feeding at multiple trophic levels high in the food chain, as compared with communities in other habitats. A related idea is Cousins's (1987) suggestion that the number of trophic levels is dependent on the average ratio of predator size to prey size. We suggest that this ratio is likely to be much larger on the average in pelagic systems than in terrestrial systems, where indeed it is often less than one (e.g., insects feeding on trees, pack-hunting carnivores).
The competition of terrestrial producers for resources results in their competing for space. They are abundant enough to compete because the herbivores in a three-trophic level system consume only a very small fraction of the NPP. Competition for space selects for large size and longevity. This large size in turn means that herbivores are not constrained to be any particular size, and in fact they span the complete range of sizes for terrestrial animals. Carnivores generally feed indiscriminately on other carnivores as well as on the more numerous herbivores, and there is no stratification by size among them.
These hypotheses should have applicability to systems beyond those we explicitly consider here, though perhaps in combinations different from forests, prairies, or pelagia. For example, in the littoral zone of lakes, rooted macrophytes, which account for two-thirds of NPP (Wetzel et al. 1972) , occupy space like their terrestrial counterparts, while the consumers are gape limited as in the pelagic zone.
Do three or four trophic levels prevail? The answer is typically four, again with large piscivorous fish at the top, which suggests that the constraints of the fluid medium are more significant than resource dynamics of the producers. One may ask, then, why with four levels macrophyte beds persist. A possible answer may again lie in the physical dictates of the environment. Unlike the predominance of the fusiform body shape in truly pelagic fishes, the primary carnivores in the littoral of lakes are typically deep-bodied fish adapted for hovering and high maneuverability (Greenway 1965; Keast and Webb 1966) . As noted below, this body form is particularly invulnerable to piscivory and may dilute effects of the top trophic level further down the food chain.
Gape limitation may occur in some terrestrial food chains dominated at the top by lizards or snakes (De Marco et al. 1985) , which has been demonstrated to influence trophic structure in the way proposed for the pelagic zone (Spiller and Schoener 1990 ). In the American Southwest, there is little experimental evidence that the insectivorous lizards compete interspecifically (Hairston 1989) . These (Hairston 1989) .
If productivity and trophic transfer efficiencies do not have a demonstrable effect on the number of trophic levels in a community, is the converse true? Does the number of trophic levels influence productivity or trophic efficiency?
If terrestrial communities typically have three trophic levels and pelagic lake communities typically have four, then according to the HSS hypothesis we would expect the fraction of primary production consumed by herbivores to differ between the two systems because herbivores in terrestrial communities should be limited by predation, whereas those in pelagic should be food limited. Consumption efficiency should then be lower in terrestrial than in pelagic systems. For the studies summarized in figures 1-3, this is distinctly the case (table 5) , with an average of over 32% of primary production consumed by zooplankton in lakes but only between 4% and 9% of terrestrial aboveground primary production consumed by herbivores.
At the next trophic transfer (herbivores to primary carnivores), we expect the reverse to be the case: food limitation in terrestrial and predator limitation in pelagic communities. Here, however, the analysis of pelagic systems becomes complicated by the presence of predatory invertebrates ( fig. 3) . Two interpretations are possible. If we ask what fraction of grazing zooplankton production is ultimately consumed by planktivorous fish, then consumption efficiencies are consistent with the HSS prediction: only some 24% of grazer production is consumed by planktivorous fish in lakes as compared with between 77% and 90% of aboveground herbivore production consumed by predators in terrestrial communities. On the other hand, if we ask what fraction of grazing zooplankton production is consumed by predators of whatever type (either invertebrates or fish), then the value is on the average 90%. The difference lies in the inefficiency of energy transfer from predatory invertebrates to zooplanktivorous fish.
Finally, if in a four-level pelagic system zooplanktivorous fish are limited by piscivores, then a substantial fraction of the production by the former must be consumed by the latter, which is the case (table 5) . A small amount of production by primary predators is consumed by other predators in terrestrial systems. We were unable to assign an efficiency value to this, but our prediction is that it should be low. For example, predators compose a relatively small fraction of the total diets of top carnivores in several terrestrial systems. For birds of prey feeding in eastern deciduous forests, 64.2% of their diet is on the average composed of herbivores, 13.1% of omnivores, and 23.1% of carnivores (data taken from Bent 1937 Bent -1938 . A different approach is to tally the number of families or subfamilies of predaceous or parasitoid insects that attack herbivores, omnivores, or carnivores. Comstock (1948) gives information on 132 such taxa. For 86 of them, one prey type is specified (e.g., caterpillar, wood-boring beetle, spider, wasp, ant); of these, 67 (77.9%) are herbivores, 7 (8.1%) are omnivores, and 12 (13.9%) are predators. For 17 taxa (12.9% of the 132), at least two categories of prey were listed (e.g., both herbivores and predators), and 29 taxa were simply described as "predaceous." It seems reasonable to allocate the prey of these last two categories in the same proportions as those that are definite. Overall, the food of predators and parasitoids is taken in rough proportion to the availability of herbivores and carnivores as potential prey. As one example, the standing crop biomass of canopy consumers in the deciduous forest at Oak Ridge consists of 79% herbivores and 21% predators (Edwards et al. 1981 ).
Within particular communities, evidence for control of ecological energetics by trophic structure comes from both comparative data and experimental studies.
For lakes and ponds, recent literature has stressed the impact of the consumer trophic levels (see, e.g., Carpenter et al. 1987; Bendorf 1988; Carpenter 1988; Carpenter and Kitchell 1988) . For the group of aquatic studies summarized in figure 3, there is substantial variation in herbivore consumption efficiency. Is some of this variation explained by differences in trophic structure, for example, differences in the relative importance of the predatory invertebrates in the grazing food chain? For the six lakes for which the required data are available, consumption of primary production by grazing zooplankton ranged between 12% and 59%, and the fraction of grazing zooplankton production that was consumed by fish ranged between 2.8% and 56%. The two variables are positively related (r2 -0.74, P < .05), which means that as a community shifts more toward having four trophic levels (phytoplankton -> grazing zooplankton -> zooplanktivorous fish -> piscivores) rather than five (phytoplankton -> grazing zooplankton -> predatory zooplankton -> zooplanktivorous fish -> piscivores), the efficiency with which primary production is consumed by grazing zooplankton increases. This is consistent with what would be expected from trophic structure control of energy flow. Carpenter et al. (1992) reviewed data from 25 North American lakes and found the well-known statistical relationship between water-column phosphorus content and standing algal biomass. They also found, however, that algal biomass was significantly negatively correlated with both the biomass and the mean body size of grazing zooplankton. Because it is well-known that in the presence of fish zooplankton tend to be small in size and low in abundance, it appears that significant grazer control of the primary producers may be fairly widespread in lakes.
Several experimental studies have explored the effects of zooplanktivorous fish on zooplankton and phytoplankton abundances. For example, Vanni and Findlay (1990) found that, in enclosures containing yellow perch (Perca flavescens), zooplankton biomass was reduced and phytoplankton biovolume increased relative to controls (no fish). Similar results are reported by Bosselmann and Riemann (1986) for an enclosure-exclosure experiment. Morin et al. (1991) went one step further and showed that in replicate ponds containing zooplanktivorous fish, both planktonic and whole-pond primary productivity was about double that in similar ponds lacking fish. As in the previous two studies, zooplankton biomass was substantially lower in the presence of the fish (Hambright 1991) . In each case, the fish enclosures or ponds received inputs of solar energy identical to that in the fishless ones, yet treatments with higher phytoplankton biomass and higher primary productivity contained lower biomass of the trophic level consuming it. This is strong evidence that the consumption efficiency of primary production by zooplankton is substantially greater in the absence of zooplankton-feeding fish than in their presence. A review by Liebold (1989) of 47 experiments of the type just discussed shows that these effects are quite general. Still, we suspect that the result of trophic-level manipulation will vary from system to system, depending on the species involved. Deep-bodied, spiny-rayed planktivorous fish are less vulnerable to piscivores than are those with shallow bodies and soft rays . Some cyanobacteria are less edible than are other groups of algae (Porter 1977; Reynolds 1984) . When present, each may determine trophic transfer efficiency as much or more than the state of higher trophic levels. These case-specific features may account for some of the exceptions to the general pattern noted by DeMelo et al. (1992) in their literature review. It is interesting and disconcerting, however, how often summaries of results given by DeMelo et al. (1992) differed from those in Liebold's (1989) comparable effort, even though many of the same references were used.
For terrestrial communities, McNaughton et al. (1992) pointed out that during years of population "outbreaks," the productivity of herbivorous insects may be substantially higher than it is in more typical years. It would be worth knowing in these instances how primary production responded. As in aquatic systems, experimental studies have documented significant effects of trophic structure on the standing biomass of different trophic levels. Holmes et al. (1979) excluded birds from sections of a temperate forest with netting and found that the numbers of Lepidoptera larvae increased substantially, which indicates predator control of the abundance of those herbivores. Other arthropod groups did not increase in the bird exclosures, however. It is interesting that at the typical prey population sizes present in that experiment, the proportion of caterpillar biomass removed by birds greatly exceeded the fraction typically consumed during caterpillar outbreaks. Thus, control of grazers by predators and grazer productivity (if McNaughton et al.'s 1992 result is general) can vary dramatically from year to year.
Predators apparently may also affect the dynamics of the primary producer trophic level, at least on a local scale. In one Australian forest community, the interspecific territoriality of the bell miner (Manorinia melanophrys) is so effective in excluding other insectivorous birds that the psyllid Homoptera increased to the point of defoliating the trees, because the bell miners were defending an area containing more psyllids than they could consume (Loyn et al. 1981) . In a similar vein, Spiller and Schoener (1990) showed experimentally that removal of predatory lizards from island communities in the Bahamas typically resulted in an increase in herbivore damage to primary producers. The result is consistent with earlier observations by Schoener (1988) that leaf damage was elevated on islands naturally lacking lizards compared to islands where they were present.
As in the case of freshwater pelagic communities, an intermediate predatory invertebrate trophic level may exist on these islands. Spiders are predators on the herbivores, while the lizards consume both herbivores and spiders. Spider population sizes were elevated in the absence of lizards (Schoener 1983) , but their indirect effect on herbivory depended on the prey species considered.
In both terrestrial and freshwater pelagic communities, trophic structure plays a significant role in determining both the rate of energy fixation by the primary producers and the transfer efficiencies of this energy to higher trophic levels.
These effects are not limited only to the communities just mentioned. Similar dynamics have been documented for the stream systems studied by Bowlby and Roff (1986) and Power (1990) and for the other aquatic systems such as marine kelp beds (Estes and Palmisano 1974) . We believe that the regularities that we have suggested exist are determined first by the nature of the physical environment: substratum dominated versus pelagic. These qualities broadly dictate differences in the number of trophic levels typical of each. Second, differences in the number of trophic levels impose different transfer efficiencies because of the effects of alternating trophic control. Clearly, in continuing to explore the cause-effect relationship between trophic structure and energy flow, it will continue to pay to focus on the species constituting the dominant bulk of the biomass or exercising exceptional influence at each trophic level, the ecological and other biological properties of those species, and the constraints placed on the behaviors of species and communities by the physical properties of the environments in which they reside. The integration of the interaction among those species with measurements of the energetics involved will surely advance our understanding of ecological processes.
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